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TRANSITION FLIGHT EXPERIMENTS ON A
SWEPT WING WITH SUCTION

D. V. Maddalon!, F. S. Collier, Jr.}

Abstract

Flight experiments were conducted on a 30 degree
swept wing with a perforated leading edge by systemat-
ically varying the location and amount of suction over
a range of Mach number and Reynolds number. Suc-
tion was varied chordwise ahead of the front spar from
either the front or rear direction by sealing spanwise
perforated strips. Transition from laminar to turbu-
lent flow was due to leading edge turbulence contamina-
tion or crossflow disturbance growth and/or Tollmien-
Schlichting disturbance growth- depending on the test
configuration, flight condition, and suction location. A
state-of-the-art linear stability theory which accounts
for body and streamline curvature and compressibil-
ity was used to study the boundary layer stability as
suction location and magnitude varied. N-factor corre-
lations with transition location were made for various
suction configurations.

Nomenclature

ALT  Altitude, feet

C Chord

C,,CP Pressure coefficient
C,,CQ Suction coefficient
F

Frequency
HLFC Hybrid Laminar Flow Control
K Non-dimensional suction velocity

LE Leading Edge
LEFT Leading Edge Flight Test

1 LFCPO/FAD , NASA LaRC.
1 High Technology Corp. Member AIAA
+ OFA, NASA DFRF

, L. C. Montoya*, and C. K. Land!

LFC Laminar Flow Control
M Freestream Mach number
N N-factor, where N =1n(A4/4,)

NLF  Natural Laminar Flow
r Leading edge radius (normal)
R/ft Freestream unit Reynolds number

R, Transition Reynolds number based on
freestream conditions

R, Crossflow Reynolds number based on
W... and D, .,

R, Reynolds number based on momentum thickness
of the attachment line boundary layer

S/C  Distance measured along surface, streamwise
t Time

t/c Thickness ratio (normal)

w Crossflow velocity

WS Wing station, inches

X/C Distance measured along chord, streamwise

D,,, Distance from wall above W, ., where
W=001xW,,.

Greek

[/ momentum thickness

7 Laminar coefficient of viscosity

A Sweep angle, degrees

‘ua microamperes

Subscripts

al. at the attachment line

CF crossflow

mar  maximum

TS Tollmien-Schlichting

T at transition

Introduction

The achievement of laminar flow on lifting surfaces
at the Reynolds numbers and sweep angles typical of
modern, high subsonic-speed, commercial transports is
a formidable task. For leading edge sweep angles above
approximately 15 degrees, transition may occur very
near the leading edge due to the uncontrolled growth of
crossflow disturbances in the laminar boundary layer.
In addition, attachment line contamination from the



turbulent fuselage can dash the possibility of achieving
any laminar flow. Leading-edge suction is an etfective
method of controlling the growth of these disturbances,
and combined with a ‘tailored’ pressure gradient over
the wing box to control Tollmien-Schlichting (TS) dis-
turbance growth, may result in extensive amounts of
laminar flow (hybrid laminar-flow control, HLFC). The
leading edge region of a laminar flow wing presents dif-
ficult problems associated with the attainment of lam-
inar flow. The leading edge is subject to foreign object
damage, insect impingement, rain erosion, icing and
other contaminents. Anti-icing, anti-contamination,
suction and perhaps purge systems must all be pack-
aged into a relatively small leading edge box. Most of
these problems are common to the laminar flow control
aircraft concepts under consideration for the achieve-
ment of extensive laminar flow on aircraft wings. Data
is needed to establish the practicality of this technology
for laminar flow aircraft.

To provide such data, NASA completed the Lead-
ing Edge Flight Test (LEFT) Program as a flight val-
idation of LFC leading edge systems that were being
developed by NASA and U.S. airframe manufacturers.
During this program, a complete perforated laminar
flow control (LFC) leading edge system was installed
and tested in the right wing of a Jetstar aircraft to
gain operational experience from which the concept’s
practicality could be assessed (see figure 1). References
1 through 6 provide a detailed description of this pro-
gram. At the end of the LEFT program, this aircraft
performed a series of transition research experiments,
the first of which are described in this paper. These
experiments were designed to assess the sensitivity of
transition to suction in the leading edge region, and
were completed between June 1986 and April 1987.
This work thus resulted in the first laminar flow flight
research experiments made on a swept wing with suc-
tion boundary layer control since the X-21 LFC pro-
gram ended in 1965.

Experimental Apparatus

Suction System

A schematic of the aircraft suction system as mod-
ified for the research program is presented in figure 2.
The centrifugal air turbine used as a suction pump is
an AiResearch turbocompressor designed for the Boe-
ing 707 air-conditioning system and modified for this
application. The compressor was located in the un-
pressurized rear fuselage compartment. Suction air was
ducted through fifteen spanwise suction flutes beneath
the perforated wing surface (figure 3). Flute air flow
is individually controlled from the aircraft cabin with
adjustable sonic needle valves (ref. 7). Valve control
and data acquisition is accomplished at the operator

station in the cabin (see figure 2).

Laminar Flow Control Test
Article Description

A detailed description of the perforated leading
edge is provided in reference 1. The leading edge in-
cluded all the systems necessary to provide all functions
required for an LFC aircraft. The leading edge sand-
wich panel structure was supported by ribs attached
to the front spar (figure 3). Suction panel location on
the wing is given in figure 4. The outer face of the suc-
tion surface panel was a titanium sheet 0.025 inch thick
and perforated with over 1 million holes of 0.0025 inch
diameter (drilled by an electron beam) spaced about
0.035 inch between centers. The panel core and inner
face sheet were fiberglass. The panel was corrugated
to form flutes for the subsurface suction air collection.
Bond areas between the perforated surface and the flute
core were impervious to flow. Thus, suction on the sur-
face was along spanwise perforated strips of about 0.65
inch chord separated by non-suction strips of about 0.35
inch chord. Suction was applied to the upper surface
from just below the leading edge highlight to the front
spar joint (X/C = 13 percent). No attempt was made
to achieve laminar flow beyond the front spar.

The perforated leading edge housed a Krueger-
type device that deployed to provide the test surface
with line-of-sight protection against insect impacts dur-
ing takeoff and landing. The test article was installed
in the leading edge opening created by removal of aux-
iliary fuel tanks on the basic wing. The planform of
the modified wing (figure 4) spanned about 7 feet with
the suction article about 5 feet in span. Outboard and
inboard, the sweep of the basic JetStar wing is 33 de-
grees; the test article was swept 30 degrees. At the ap-
proximate test article midspan location (WS= 165.2),
the normal chord is about 9.8 feet and the normal nose
radius is 1.69 inches.

To produce the desired pressure distribution, the
wing section required extensive modification. Wing
contour—to the rear spar on the upper surface and to
the front spar on the lower surface-was changed with
the installation of the test article and fiberglass fair-
ings over the wing box and at the test article edges.
The gloved wing was significantly thicker than the ba-
sic Jetstar wing, particularly in the outboard glove re-
gion. This resulted in a test article dimensionally about
equivalent to the leading edge box of a DC-9-30 at the
mean aerodynamic chord. The volume of the leading
edge available for the laminar flow control system was
thus representative of a small commercial transport.

Figure 5 shows the installed perforated test article.
The white areas inboard and outboard of the test article
are aerodynamic fairings to contour the test article back



into the JetStar wing surface. Aft of the front spar, a
fuiring exteuds Lo U vear spor to close ont the wing
sections.

Instrumentation

Figure 5 also shows a row of Pitot tubes near the
surface at the front spar, as well as Pitot tubes used
to measure the airstream reference pressure over the
wing and outside the boundary layer. A closeup of
these Pitots is shown in figure 6. The near surface
Pitots are used to determine if laminar flow exists at
the front spar, and to locate the approximate transi-
tion location ahead of each Pitot. A detailed descrip-
tion of the procedure used is given in ref. 3 . Probes
were flight calibrated for transition location by placing
three-dimensional roughness transition strips at known
locations on the test surface. Boundary layer state
(laminar or turbulent) was measured about every three
inches over a five foot span at the front spar. The lo-
cation of all instrumentation used on the test article
is given in figure 7. Hot film sensors were not used in
these tests. Measurements of surface pressures, duct
pressures, surface and reference Pitot pressures, and
other system and flight parameters were displayed at
the cabin control console.

Figure 8 shows the modified aircraft in flight. The
pylon on the fuselage was used as a mounting for a
Knollenberg probe to measure ice particle size and
count during ice cloud penetrations. The pylon also
housed a charging patch for measurement of charge
build up during cloud encounters (ref. 3). A charging
patch reading of +0.025 to -0.050 microampere indi-
cates clean air (ref. 3).

Experiment Description

Experiments were conducted at test conditions

which included nominal Mach numbers of 0.70, 0.75,

and 0.775 and altitudes of 29000, 31000, 33000, 35000
and 37000 feet. From this extensive data base, spe-
cific test points were selected for analysis, with most
analysis done at 0.775 Mach and 29000 feet. For sim-
plicity, combinations of flight conditions are referred to
with the Mach number stated first and then the alti-
tude; that is, 0.775 Mach and 29000 feet is denoted as
0.775/29000. Unit Reynolds numbers per foot varied
from 1.56 x 10E6 to 2.50 x 10E6. At most test condi-
tions, the test-article chordwise pressure gradient was
nearly flat beyond X/C = 0.05.

Figure 9 provides the measured chordwise pressure
distribution at the 0.775/29000 test condition selected
for detailed analysis. The test article’s measured span-
wise gradient in pressure coefficient at 0.775/29000 is
approximately 0.033 per foot, becoming more negative
in the inboard direction. Actual midspan flute cen-

terline locations for X/C and S/C are given in Table
1. Suction flute locations (beginning and end) used
in the stability calculations at the midspan of the test
article are given in Table 2. Research parameters in-
cluded variations of the location and amount of suction.
Suction was varied chordwise by progressively sealing
spanwise perforated strips from either the front or rear
direction.

Experimental Results

Spanwise Turbulence Contamination

The problem of spanwise turbulence contamina-
tion has been studied extensively in Refs. 8-14. Ref-
erence 6 described the spanwise turbulence contami-
nation encountered during initial flight testing and its
alleviation by use of a ‘Gaster’ bump (ref. 12 ). The
more recent detailed data, however, is presented in fig-
ure 10 as the laminar flow area achieved on the test
article planform including ‘bump off’ and ‘bump on’ re-
sults, together with the measured nominal suction level
within the perforated area. The leading edge has the
highest measured suction coefficient (C,= -0.000706 in
the perforated region-see Table 2) and the test-article
mid-chord region has the lowest (C,= -0.000080). For
comparison purposes, the measured suction coefficient
averaged over the entire perforated area is inset in the
C, figures; in figure 10, it varies from C, = -0.000389 to
-0.000349. The seven numbers included in the legend
next to the test article planform specify, respectively,

Flight number

Time of day

Mach number

Altitude

Unit Reynolds number per foot

Charging patch reading in microamperes

Average transition location (% chord)
Note that when the average transition location is given
as 13.0, the test article is entirely laminar.

Figure 10 presents bump off (planforms 1 and 2)
and bump on (planforms 4 and 5) data at two test con-
ditions. In referring to these figures, a shortened nota-
tion will be used. For example, planform 2 of this figure
will be called figure 10-2. With the bump on, laminar
flow is obtained to the front spar at both unit Reynolds
numbers (fig. 10-4 and 5). With the bump off and with
nominal suction, the test article is only partially lam-
inar (fig. 10-1 and 2) at both unit Reynolds numbers,
although more laminar flow is obtained spanwise at the
lowest unit Reynolds number (fig. 10-1). Values of the
attachment line momentum thickness Reynolds number
indicate that the critical value of about 90 to 100 (ref.
10) is exceeded (fig. 11) for the 0.775/29000 flight con-
dition; movement of the transition front (fig. 10-2 and
1) is consistent with decreasing values of momentum



thickness Reynolds number, defined as:
R, = sin A[.1425K +.405][(r=R/ ft)/(cos Ax(1+t/c))]'/*

using the geometric approximation method of ref. 10.
The non-dimensional leading edge suction velocity K
for the actual test conditions varied from -0.15 to -0.19
with C, = -0.00035 where C, is averaged over the lead-
ing edge perforated and non-perforated area of flutes
1 and 2 (Table 2). The amount of suction used here
reduces the momentum thickness Reynolds number at
the attachment line about 7 percent as compared to
the zero suction case (fig. 11). Figures 10-1 and 10-2
show more laminar flow outboard than inboard. This is
due to the smaller outboard nose radius and the result-
ing larger leading edge velocity gradient, which lowers
the momentum thickness Reynolds number. The data
of figure 10 clearly show the need to provide the test
article with protection from turbulence contamination
coming off the inboard wing. Without the bump and
using suction, laminar flow could not be obtained over
the entire test article at any flight condition. In figure
10, the suction coefficient for flute 9 was zero for the
‘bump off’ flight due to a malfunctioning valve. How-
ever, close examination of the data showed no impact
on the results.

Figure 12 summarizes the experimental attach-
ment line momentum thickness Reynolds number with-
out the bump at a wide variety of flight conditions,
again using the method of reference 10 to calculate R, .
These data indicate that for R, greater than about 94,
leading edge turbulence contamination causes transi-
tion. These data show remarkable agreement with the
results of ref. 10. Redecker (ref. 15) suggests that the
presence of the fuselage may effectively add about two
degrees of sweep to the leading edge for the VFW-614
aircraft studied. If the R, calculations are repeated
using an effective sweep angle of 32 degrees, R, would
increase approximately 7 percent so that the critical R,
for transition would be about 100.

The effect of suction on the attachment line bound-
ary layer with and without the Gaster bump is shown
in Figure 13 for M=0.70 and R/ft = 1.52-1.64 x E06.
Without the bump and without suction on the attach-
ment line, very little laminar flow is obtained (fig. 13-
5). Without the bump, but with suction on the at-
tachment line, laminar flow is obtained over most of
the span of the test section except for the most inboard
location (fig. 13-4). With the bump, laminar flow is ob-
tained with or without suction on the attachment line
(flute 1, fig. 13-1,2).

Suction

Typical suction distributions are given in figure 10.
Nominal suction levels were representative of that re-
quired in the leading edge of an LFC wing with nearly

full chord laminar flow; that is, more suction than re-
quired for laminar flow to the front spar. Nominal suc-
tion requirements were defined in this way in the design
of the wing so that the wing suction ducting volume
would represent future transport applications with ex-
tensive laminar flow. High initial suction levels were re-
quired to control crossflow at the leading edge. Beyond
§/C = 0.05, a lower level of C, was maintained to the
front spar, again to represent the suction distribution
required in a more extensive laminar flow application.

Figure 14 presents results obtained with nominal
suction (planforms 1,2,3) and with all suction blocked
(planforms 4,5,6) by sealing the perforations with wax.
With nominal suction (and with the bump), laminar
flow is achieved on the test article. Without suction
on flutes 1-15 (and with the bump), very little laminar
flow was obtained at any flight condition studied due to
the adverse effects of crossflow and transition occured
between 0.5 and 2.1 percent chord.

Further suction experiments were made at the
0.775/29000 foot test point with suction levels in-
creased (fig. 15) in gradual increments relative to nom-
inal. (Note the change in the vertical scale.) The rel-
ative level of suction applied can be obtained from the
inset number given in the suction coeflicient section of
figure 15. QOversuction of approximately 130 percent
relative to nominal (fig. 15-6 vs fig. 15-2) did not re-
sult in any loss of laminar flow despite the much thin-
ner boundary layer (fig. 16) and increased sensitivity
to surface roughness. The possibility exists, however,
that increased disturbances from the high suction flow
through the perforations may grow downstream of the
front spar and move transition forward at large length
Reynolds numbers.

Early vs Later Leading Edge Suction
Suction location is known to strongly influence

- laminar flow. Early suction can be used to damp cross-

flow disturbance growth before it amplifies and causes
transition. Theoretical investigations of both two and
three dimensional flows (refs. 16-18) have shown that
suction requirements for laminar flow can be minimized
if suction is applied early where disturbances are small
rather than farther downstream after the disturbances
have amplified. Wind tunnel experiments (refs. 19-
20 ) have confirmed the two-dimensional theoretical
results (but not the three-dimensional case). There
are, however, no flight data available on this subject
on actual wing surfaces where measurements are con-
centrated in the leading edge region. The test article
configuration described herein enabled such measure-
ments. Questions studied include the effect of suction
in the leading edge region where crossflow is dominant
and also include the effect of suction closer to the front



spar where the relatively flat pressure gradient tends to
damp crossflow but promotce Tolliicni-Zehlichiting dis
turbance growth.

Comparison of early vs later leading edge suction
was accomplished at the 0.775/29000 test point by seal-
ing flutes spanwise at either the trailing edge or leading
edge of the test article. Results are presented where
suction is progressively added from either the rear or
forward direction. Later suction (fig. 17) results in a
relatively thick leading edge boundary layer as com-
pared with early suction (fig. 18). These data clearly
show the importance of suction location in controlling
crossflow; transition occurs near the leading edge when
suction is applied only to flutes 6-15 (fig. 17-2) or flutes
5-15 (fig. 17-3). With suction at flute 4 (fig. 17-4), lam-
inar flow is suddenly obtained to the front spar! Adding
suction from the front direction (fig. 18) shows that
laminar flow was not generally obtained to the front
spar until suction was used on flutes 1-6. The localized
loss of laminar flow, probably due to the slight adverse
gradient near the front spar caused by the Pitot rake in-
stallation, was eliminated with further suction through
flute 15. Data from M=0.775 to 0.70 are compared in
figure 19 where suction is applied to flutes 1-5 vs 5-15.
Overall suction up to the transition point is maintained
at about the same level as shown at Mach=0.775 in fig.
19-1 vs 19-4, and early suction yields a longer run of
laminar flow. The darkened area in the suction coef-
ficient figures represents suction used past the average
transition point. At Mach=0.75 (figure 19-2 vs 19-5),
more laminar flow is also obtained with early suction
than with later suction despite using more suction with
the later suction case. No clear result is evident in com-
paring the M = 0.70 data of fig. 19-3 vs 19-6 although
the later suction configuration had considerably more
suction.

Suction Summary

The experimental results shown here indicate that
suction control of boundary layer disturbance growth,
while often successful, is not a cure-all for all distur-
bance growth control. Suction can only do so much to
maintain laminar flow. Proper design, fabrication, and
maintainence of laminar flow control wing surfaces are
still the most important factors in the practical appli-
cation of laminar flow control technology.

Comparison With Theory

The measured pressure distributions at the test
point 0.775/29000, as shown in figs. 15, 17, and 18,
are represented by the curve-fit shown in figure 9. This
single pressure distribution was utilized to compute the
mean flow for all suction configurations studied using
the swept-wing laminar boundary layer computer code

of ref. 22. The actual suction rates through the per-
farated strips were area-averaged over the entire flute
area including the perforations blocked by the support
structure in order to model a continuous suction dis-
tribution (Table 2). Boundary layer stability calcula-
tions were made using an improved linear stability the-
ory which accounts for streamline and surface curvature
and compressibility (ref. 21) to determine the effect of
suction location and magnitude on disturbance growth
as indicated by the N-factor. The maximum amplifi-
cation option of the code (ref. 23 ) was used to cal-
culate the N-factor. The stability calculations for the
0.775/29000 test point are presented in figures 20-23
and the results are summarized in Table 3.

For the case of nominal suction (laminar flow to the
front spar, figure 14-1), N-factors computed with and
without the curvature terms in the linear stability equa-
tions are presented in figure 20 for 6000 Hz. and for 0
Hz. A range of frequencies were computed to determine
the frequency which produced the largest N-factor at
the transition location or at the front spar, and distur-
bances at 6000 Hz. were found to be the most amplified
(fig. 20). The N-factor computed without curvature at
6000 Hz. reaches the currently assumed critical value
for transition of 9 (based on previous correlations) at
about 3 percent chord although transition did not occur
until 13 percent chord. When the curvature terms are
included in the calculation, the N-factor for the most
amplified frequency is well below this assumed critical
value and in fact shows that the boundary layer is sta-
ble from about 5 percent chord back to the front spar.
This result emphasizes the importance of including the
dominant physical effects (body and streamline curva-
ture, compressibility, etc.) in the stability calculations.

A comparison of the N-factors (including the ef-
fects of curvature) for the case of no suction and the
case of nominal suction at 0.775/29000 is presented in
figure 21. In the case of no suction, laminar bound-
ary layer transition occurs at X/C = 0.021 which is an
average value determined from the experimental mea-
surements (figure 14-4). The wave orientation angle,
¥, and wavelength to boundary layer thickness ratio,
A/6, of the most amplified disturbance at the transi-
tion location were computed as about 84 degrees and
4.3, respectively. These are values typical of crossflow
disturbances, indicating that transition is due to the
growth of highly amplified crossflow disturbances. The
N-factor at transition was about 8.4 for the case of no
suction at the most amplified frequency. As can be
seen in figure 21, the effect of suction on the bound-
ary layer reduces the amplification rates (and hence
the N-factor) of the crossflow vortices well below the
critical value of about 9, and laminar flow is achieved
to the front spar (as indicated from the experimental



measurements shown in figure 14-1).

The effect of suction location and magnitude on
the stability of the boundary layer at 0.775/29000 is
presented in figure 22 and 23. In figure 22, N-factor
calculations as a function of X/C are shown for the
cases of no suction and suction on flutes 8-15, 7-15, 6-
15, 5-15, and 4-15 (later suction) at a frequency of 6000
Hz. which is (or very close to) the most amplified fre-
quency for each suction configuration. (See figure 17
for experimentally determined transition locations). In
each case, the growth of crossflow disturbances in the
laminar boundary layer is significant, causing transition
in all cases except for the case of suction on flutes 4-15.
The N-factor at transition for the other suction config-
urations is between about 10.0 and 10.5 (Table 3). The
maximum N-factor for the case of suction on flutes 4-15
does not ‘exceed 8.5 and, as mentioned, the experiment
shows laminar flow to the front spar. For suction on
flutes 8-15, suction does not influence transition since
all the suction is aft of the transition location.

In figure 23, the N-factor calculations for the cases
referred to as early suction are presented along with
the case of no suction. With suction applied to flutes
1 and 2, transition was experimentally determined to
occur at X/C = 0.035 (see figure 18), and according
to the stability theory, transition is dominated by the
growth of highly amplified crossflow disturbances with
the wave orientation about 84 degrees at transition.
The N-factor at transition is about 7.6; lower than the
N-factors found for the later suction data discussed ear-
lier. As more suction is added, transition moves far-
ther back along the chord. For the cases of suction on
flutes 1-5, 1-6, and 1-7, the stability theory predicts
that crossflow-like disturbances are most amplified to
about 4 percent chord followed by a region where TS
waves are most amplified (fig. 23). In fact, for the
case of suction on flutes 1-3, the wave orientation angle

was 45.5 degrees and the wavelength to boundary layer °

thickness ratio was 12.5, values typical of TS waves at
the transition location of 9.5 percent chord. All the
transition correlations are summarized in Table 3.

The crossflow Reynolds number has been used in
the past to correlate leading-edge transition data for
flows with favorable chordwise pressure gradients (ref.
14). The crossflow Reynolds number at transition as
a function of leading edge sweep angle is presented in
figure 24 for a number of wind tunnel and flight inves-
tigations. The present data agrees very well with the
investigation of ref. 14 which determined the critical
value of crossflow Reynolds was about 325.

Summary and Conclusions

Laminar flow research with suction on the leading
edge of a swept wing was accomplished for the first time

since the X-21 flights ended in 1965. Achievement of
laminar flow on the test article surface required both a
bump on the inboard leading edge to negate the turbu-
lent boundary layer propagating along the attachment
line from the fuselage, and suction on the test article at
all test conditions. Generally, 100 percent laminar flow
was obtained to the front spar with nominal suction at
most test conditions. Suction was also increased 130
percent over the nominal suction and laminar flow was
maintained to the front spar despite the thinner bound-
ary layer. At the 0.775/29000 test point, early suction
on the leading edge yielded more laminar flow than did
later suction for the same amount of overall suction.

Theoretical predictions were made using a state-of-
the-art linear stability theory which accounts for body
and streamline curvature and compressibility as suc-
tion location and magnitude varied. N-factor corre-
lations with transition location were made at a Mach
number/altitude combination of 0.775/29000. These
calculations showed that the body and streamline cur-
vature effects on the 30 degree swept wing used here
reduced disturbance amplification and N-factors by as
much as about 60 percent for some flight conditions.
It was shown that N-factors at transition varied from
about 7.5 to 10.5, and that early suction resulted in
N-factors at transition Jower than N-factors associated
with later suction.
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Table 1 Perforated test article midspan flute locations

FLUTE X/C s/C
- SUCTION SUCTION
CENTERLINE CENTERLINE
LEADING ! .0021 .0068
EDGE
2 .0004 .0006
3 .0031 .0083
4 .0082 .0163
5 .0153 .0255
6 .0244 .0359
7 .0347 .0459
8 .0450 .0590
9 .0557 .0703
10 .0664 .0818
11 .0770 .0930
12 .0879 .1043
13 .0987 .1156
14 .1099 .1269
15 .1200 .1382
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Table 2 Suction location and suction coefficient used in stability calculations (0.775/29000).

Flute Suc.tion Suction Pert. Area Nominal *.Nominal
Begins Ends Total Area Ca, e Cq
(X/C) (X/C) Midspan Midspan

1 .001700 *| .000186 * 466 -.000706 | -.000329
2 .000186 *| .001290 .484 -.000737 | -.000357
3 001290 | .005262 612 -.000648 | -.000397
4 .005262 | .011450 .624 -.000639 | -.000399
5 .011450 | .019629 616 -.000672 | -.000414
6 019629 | .029387 .609 -.000652 | -.000397
7 .029387 | .039905 .626 -.000549 | -.000344
8 .039905 | .050271 615 -.000222 | -.000137
9 .050271 | .061043 .618 -.000296 | -.000183
10 .061043 | .071680 619 -.000081 -.000050
11 .071680 | .082417 622 -.000113 | -.000070
12 .082417 | .093339 612 -.000123 | -.000075
13 093339 | .1041486 592 -.000195 | -.000115
14 .104146 | 115021 .647 -.000647 | -.000210
15 .115021 | .126000 .625 -.000625 | -.000206

1-15 —_— —_— —_— -.000391 -.000236

chordwise

average

*
Lower Surface

* % i .
Cq area averaged to include non-perforated area necessary to simulate
continuous suction surface for boundary layer calculations

Table 3 Summary of N-factor correlations with transition locations at 0.775/29000.

Suction (X/C)r Niaz Nmaz (0 Hz.) Rcr ¥ (deg.) A&
None 2.1 8.4 5.1 317 83.9 4.3
8-15on 3.9 10.6 5.7 350 82.2 4.6
7-150on 3.9 10.4 5.7 350 82.9 4.5
6-15on 4.2 10.0 5.6 na 83.2 4.4
5-150on 6.5 9.9 5.4 na 82.4 4.6
1-2 on 3.5 7.6 5.1 340 82.3 4.6
1-5 on 9.5 7.8 stable na 45.5 12.5
1-6 on 12.4 8.4 stable na 54.8 12.6
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Figure 4 Planform of the leading-edge test article.



Figure 5 Perforated test article installed on test aircraft.

Figure 6 Transition sensing intrumentation at front spar.
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Figure 7 Perforated test article surface instrumentation.

Figure 8 Test aircraft in flight.

12



L
- - Curve Fit
-1.0} x Experiment
cp -sf st N
P - i / X
L/
-
ot/
'si -
.00 05 .10 18

X/C

Figure 9 Pressure coefficient distribution.

1
WITHOUT BUMP

WITH BUMP

co x 10t

L. 4 L ' 1 1 1 1

Figure 10 Effect of bump on leading-edge contamination at varying Reynolds numbers.

13



{
130 |— —]
MACH = 0.775
Cq,, 0
MACH = 0.775
Cg, = -0.000329
120 .. .
R’al r n
110 —
i
100 -—
S0 | ]
: T
130 165 200
INBOARD MIDSP AN OUTBOARD

WING STATION, inches

Figure 11 Experimental attachment line momentum thickness Reynolds numbers versus span.
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Figure 12 Experimental attachment line momentum thickness Reynolds number without bump.
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